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Abstract—In this paper, we present a cooperative control
strategy for a team of multirotor type UAVs to lift a sus-
pended payload. The interconnected system is modeled by the
Udwadia-Kalaba equations of constrained motion. A robust
path-following controller is developed for each vehicle in the
system, and coordination is achieved through synchronization
of the path parameterization. Stability of the interconnected sys-
tem consisting of a network of local path-following controllers
is analyzed. Results are verified by numerical simulations.

I. INTRODUCTION

In the recent years, the usability of Unmanned Aerial
Vehicles (UAVs) has increased proportionally with avail-
ability, technology maturity and declining cost of inertial
sensors. This holds especially true for multirotor-type UAVs,
which now are used for several commercial and consumer
applications. Most of these multirotors are small (< 2.5 kg)
and relatively cheap. In some regions of the world, the total
take-off weight of a vehicle is important to keep below such
limits due to aviation guidelines.

This paper considers the use of multirotor UAVSs to trans-
port a suspended payload. This load can be a variety of
things, such as cargo transportation or sensor deployment.
Due to the inherent capacity limitations of small multirotor
UAVs, we illustrate how a team of UAVs can cooperatively
transport a single payload to distribute and minimize the load
on each vehicle, thus increasing the total lift capacity and
operation time.

Similar problems are addressed for scale helicopters in
[1], which were also validated in experiments. [2] considers
motion planning and control for a team of indoor multirotors
to manipulate a suspended payload, and [3] utilizes geometric
control to generate coordinate-free controllers to control a
suspended load in 6 degrees of freedom (DOF). In addition to
distributed control, this paper also considers synchronization
between the vehicles in the mission over a communication
network. Fundamental consensus algorithms for synchroniza-
tion are discussed in detail in [4], utilizing graph theory to
create distributed control laws under communication con-
straints. Passivity-based approaches are discussed in [5], [6].
See also [7] and references therein.
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In [8], the authors introduce a method to solve the for-
mation maneuvering problem. By solving individual maneu-
vering problems ([9], [10]), it is shown that by distributing
and synchronizing their path parameterization variable, the
formation problem can be solved. Utilizing graph theory
([11]), a similar framework (coordinated path-following) is
introduced in [12] and applied to a team of under-actuated
autonomous underwater vehicles. In [13] and [14], the co-
ordinated path-following (CPF) problem is addressed in the
presence of time delays and discrete logic-based communi-
cations, respectively.

This paper applies the results from the above citations to
the team of multirotors transporting the suspended payload.
By synchronizing each UAV along a certain path, the position
of the suspended load can be manipulated.

The paper is organized as follows. First, the problem is
described in more detail. The dynamical system is modeled
using a combination of Newton-Euler mechanics for each
individual vehicle, while the interconnected system with
dynamical constraints imposed by transportation wires is
modeled by the Fundamental Equation [15]. In Section IV,
a non-linear path-following controller is designed for the
multirotors by the back-stepping technique. Further in Sec-
tion V, a controller to synchronize the vehicles along the
path using communication links is presented. Section VI
illustrates an algorithm for spatial path generation for each
vehicle, that minimizes the load drag variation among the
multirotors as they move along the desired load path. A speed
profile is designed next, followed by numerical simulations
in Section VIIIL.

II. PROBLEM STATEMENT

Inspired by [12], we design the overall controller in two
parts. First, a local controller that solves the path-following
problem is employed on each vehicle:

Definition 1. Path-following problem ([12]):

Let pa,(7) € R3 be a desired path parameterized by a
continuous variable v; € R, and vr(v;) € R a desired
reference speed for vehicle i. Design feedback control laws

for T, such that all the closed-loop signals are bounded, the

position of the vehicle converges to and remains inside a tube
centered around the desired path, and the vehicle travels at a



desired speed assignment vy, that is, Y —vr — 0 ast — oo.

The path-following controller is designed in such a way,
that it can take an extra input, v;, as a coordination variable
to speed up or slow down along the path, to synchronize its
position along the path with the other vehicles. This is the
coordination problem:

Definition 2. Coordination problem ([12]):

For each vehicle 1 € T :=1,...,n derive a control law for
the speed command as a function of v; and ~y;, j € N, such
that v; — v;,Vi,5 € I approach zero as t — oo and the
formation travels at an assigned speed vy, that is, |¥; — v
tends to zero.

The coordinated path-following (CPF) problem is the com-
bination of the two previous stated problems. An overview
of the control architecture can be seen in Figure 1.
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Fig. 1. An overview of the controller structure.

III. DYNAMIC MODELING

In this section, a dynamical model of a single UAV is first
presented. This is a well-studied system in the literature, and
the presentation is thus quite brief. Next, we illustrate how
the equations of Udwadia and Kalaba [15] can be used to
find the forces of constraint acting on each vehicle due to
the interconnecting wires. This is based on the work in [16].

Let the NED frame {n} be an inertial frame. The position
of each UAV in this inertial frame is given by p; € R3.
Further, let {b;} be a body-aligned frame at UAV 4, whose
orientation wrt. {n} is given by the transformation matrix
Ry, €S O®. Thus, the kinematics are given by

p; =Ry ,v (1
i = S(wy )Ry, )
where v € R? is the translational velocity in {b;}, wj'; is

the rotational velocity of {b;} with respect to {n}, and S(-)
is the skew-symmetric matrix operator defined by

0 —X3 A
SN =X 0 -\ 3)
X M0

for A € R3.
The kinetics are given from standard Newton-Euler rigid-
body dynamics:

MV, = —-S(WM,; +7q; +Urei+ g +70: )

where M; > 0, € R3*%3 is the mass matrix of the vehicle, and
J; > 0 its inertia dyadic in the vehicle body fixed frame. As
a multirotor is only capable of producing translational force
along its z-axis, we have IT = [0,0, 1]T and the control force
7.. € R. The effect of gravity is g; = Rg,i[O,O,mig}T.
Tai € R3 encompasses all aerodynamical forces acting on
the body. Tas; € R3 represents control momentum. Tz, ; €
R3 are the forces of constraint from the suspended payload.

In this paper, we consider the suspended payload as a
point-mass with position p; and mass m;, which gives the
dynamics:

0 N
mipr=| 0 | =Y 7Tri (6)
mig =0

Next, we utilize the results in [17] to find the forces of
constraint Ty, ;.

A. Multi-body modeling

This section is based on the work by [16] and [17].

Consider N multirotors, connected by N wires from the
body centre of gravity to a suspended load. The goal is to
find the constraint force 7, ;. Note that as the suspension
is done in the vehicle Centre of Gravity (CoG), the attitude
dynamics are unaffected. Define the concatenated vectors p,
v and 7, as

P1 Vi TL,21
P2 Vo TL,2
P=1 1, v=| TL = )
PN VN TLN
| &) | &) T
N
where 7p= -0 Tr,

Consider wire ¢, connecting multirotor ¢ and the load. The
line along the wire is given by

L =pi—p (®)
A constraint g; acting on each body is now given by
g9i = ||Lil|* —d} =0 ©)

where d; is the nominal length of wire ¢. It’s derivatives are
given by

g = 2LTL;

§; = 2L{L; + 2LTL, = 0

(10)
(1)

The constraint (11) can now be formulated in the standard
form:

Al(p,V)V = bi<pvv) (12)



where

A; = 2L [0553¢-1) Ry, Osxsv—q —1]  (13)

and T .
b; = — 2L} (R} ;S(ws,i)vi — P1)

o (14)
- LIL;

According to [17], the constraint force 77 are now given
by:

71 =MY2(AM~/2)* (b — AV) (15)

where M, A and b are concatenations of M;, A; and
b;, respectively, and (-)* denotes the More-Penrose Pseudo
inverse.

IV. CONTROL DESIGN

In this section, a path following controller for each UAV
is designed. For notational simplicity, we skip the subscript
¢ in this part, and it is understood that this concerns each
single UAV.

Low-level control of multirotors has been extensively
studied in the past, see e.g. [18] for a good review of recent
advances. Thus, in this paper we consider the case when
each UAV is equipped with a low-level controller, handling
attitude control. That is, there exists a control law for 7, that
takes input desired roll and pitch angle, along with a desired
yaw rate r. In addition, as described in [18], an algorithm is
embedded in the low-level controller that translates between a
desired force T in {b; } and attitude, thus giving the following
dynamics:

p=R(y)v (16)
p=r (17)
Mv+Dv4g=1+T1L (18)

where D > 0 and the term Dv represents air drag at low
speeds, R(v) is a principal rotation about the {n} z-axis,
and control inputs u = [7 7]T.

A. Path following controller

This section will synthesize a path-following controller for
the system from the previous section. Let p,(7) be a desired
path in R3 to follow, and 14 a corresponding desired yaw
angle. Define the error variables as:

z1 :=p — pa(7) (19)
zy =1 — a(7) (20)
whose derivatives are
2 =R(W)v -pi(1)7 @n
Zy =1 =9 (N7 (22)
Next, define the along-track speed error as:
=75 —vr(y(t),1) (23)

where vy, is a mission velocity known to all vehicles. Thus,

(24)
(25)

21 = R()v — py(V)or(v(£),1) — pg(v)n
Zp =1 —Py(Vvr(v(t),t) + g (v)n
For notational simplicity, we will drop the arguments on

vy, and the reference signals py and 4. Further, define the
virtual control v as

Zo =V —« (26)
which gives
Mz, =7+7;, —g—Dv—Ma 27
B. Step 1
Let a Control Lyapunov Function (CLF) be
1 1
Vi(z1, zy) = 52”11“21 + izi (28)
whose derivative along the solutions are
Vi =z (R(¢)z2 + R(¥)a — p vz, — pn) 29)
+ 2y (r — gur +gn)
Next, choose the virtual control and yaw reference as
R(Y)a = —K,z1 + pvL (30)
r= —k¢2¢ + ’L/J(;/UL 3D
which gives
Vi = —2]Kpz1 — kyzl, + 2] R(¥)z2 + han (32)
where
hi = —z{p} — 2y} (33)
C. Step 2
Let 1
Va(z1, 2y, 22) = V1 + §Z§MZ2 (34)
whose derivative is
Vg =— leszl — k,/,z?p
+23 (R(¥)z1 +7+7, —Dv—g—Ma) (39
+ hin
We can express & as
& =0+ hon 36)
where
& =(-S(R"p} + R'p} v +RTp 0 o
+S(rR'K,z; - R"K,Rz, + RTK K, z;
2
hy =R"p) + R'pJv] + R"K,p” (38)
Assuming we know 7, let the control T be
T=—7; —R()z; + Do+ g+ Ma — Kyzo (39)



which gives

Vg =— Z?szl — kjl/,zi — ZngZQ — 29Dz5 + hyn (40)

where
hs = hy — 23 Mhs. 41)
D. Step 3
Finally, consider
1
Vs =Va+ o (42)
which gives
Vs =— zrlprzl — sz?/) — ZngZQ — 29 Dz9 43)

+n(¥ — vl g+ hs3)

where we have used the fact that 77 = 4 — v} 4. Inspired by
[12], we chose ¥ as

§ =~k + ha + 05+ (44)

which leads to
Vs = —ZrlI‘KpZ1_szi_ZrQI‘KdZQ_ZQDZQ_knnz"_T]’D (45)
We are now ready to state the main result of this section.

Theorem 1. The controllers given by (39) and (44) robustly
solves the path-following problem. The closed-loop state,
including the path following error |p — pq| and the speed
error |;—vr(7;)| are bounded and input-to-state stable (ISS)
from an input .

Proof. By applying Youngs Inequality to (45), one can show
that there exists A, p > 0 s.t.

Vs < —AVs + pld]. (46)

Further, the zero-equilibrium of the unforced system (v = 0)
is globally exponentially stable according to [19, Th. 4.10],
and by direct application of [19, Th. 4.19] the system is ISS
from input 2.

O

The path-following controller here ensures that a single
vehicle will follow a path py(y) along a given speed profile

vr(7)-
V. COORDINATION CONTROLLER

The coordination controller utilizes graph theory to repre-
sent communication links, and a brief introduction is given
here.

Let G(V, &) be a graph representing the interconnections
of the vehicles in the networks. The set of nodes V repre-
sents a vehicle, while the set of edges £ is a bidirectional
communication link. Nodes 7 and j is adjacent if an edge
exists between them. A graph G is said to be connected if
there exists a path between every two nodes in the graph. Let
N, be the set of edges originating in node i. The adjacency
matrix A is a square matrix with rows and columns indexed
by the nodes such that the 7, j-entry of A is defined by

if j€N;

if j ¢ N; “7

1
A=
-
Further, the degree matrix D of a graph is a diagonal matrix
of the cardionality of G, that is

Dii = |Nil (48)

The laplacian L of a graph is defined as L := D — A.

As an example, consider the case where a graph consists of

three nodes, all connected to each other. This is a graph with
three nodes and three edges, and can be represented by

01 1 2
A=|1 0 1|,D=10 0 (49)
110 0 2

A. Coordination

Now, let the n multirotors be connected by a bi-directional
communication link. Let G be the the graph describing the
connectivity map, and L its laplacian matrix. We assume that
the graph G is connected. Since the update law (44) has the
same structure as introduced in [13], and the path-following
controller is ISS by Theorem 1, we apply [12, Theorem 3]
to solve the overall CPF problem.

Lemma 1. By applying the distributed feedback law

v=-K| LY —Ky(¥ —vr1+K;Ly) (50)

where Vv := [U;]iez, ¥ = [Viliez, ¥ = iliez, K1, K2 are
positive diagonal matrices, and given sufficiently large path-
following gains or coordination gains, the overall closed-
loop system consisting of the path following error [z1,)ic1,
coordination error [7y; — Yjlicz,jen, and speed error are
Input-Output-practically Stable (10pS).

Sketch of proof. Direct application of [12, Theorem 3] for
continuous communication. The proof involves showing
IOpS for the coordination error subsystem, and further ap-
plication of the small-gain theorem for the interconnected
system with the path-following controller. [

V1. PATH GENERATION

This section illustrates how a path can be generated for
each UAV, to ensure that the inter-vehicle formation is kept.
In addition, the formation is designed in such a way as
to minimize the difference of the load drag among each
multirotor. There are two parts of this path generation. The
first part describes how each vehicle ¢ should be located
within the formation. The second describes how the entire
formation should rotate as the load traverses the path.

Fig. 2. {l}-frame. The position p; of each multirotor is parameterized by
i and [;.



Fig. 3. Along-path frame. Here, a; is along-path acceleration, a,, the normal
component of the acceleration, and g is influence on gravity.

First, consider a load-centered load frame {/}. The orienta-
tion of this frame will be designed later, but this frame moves
along a desired load path pr, (). Each UAV should follow a
path that has a fixed offset in this frame, parameterized by
two consecutive rotations [; and pu; about the load frame z
and y axis, respectively (See Figure 2). Thus, each vehicle
position in {I} is given by

L;

pi =R (li)Ry (i) | 0
0

&1y

where R, (-) is a principal rotation about an axis « €
{z,y,2z}, and L; is the nominal length of wire i. Next,
we describe the {l} frame. Let nr () be a unit vector that
is designed to be parallel and in opposite direction to the
total acceleration of the load as it travels along pr (), as in
Figure 3. In addition, we require that the frame rotates along
the tangential angle of the path. Let R} € S O? describing
the orientation of {l} with respect to {n} be parameterized
by three consecutive rotations vy, ¢, and 0p:

R (©L(7)) :=R.(¢Yr)Ra(¢r)Ry(01) (52)
where O, := [0, ¢, )T and
Ya(y) = atan2(py ,, P ) (53)
¢r(v) = arctan M 54
01 () = arctan M (55)

in which we require the path pr () to be parameterized by
its path length, vy () is the speed profile along the path and
k() is the curvature.

The path of UAV i can thus be calculated from:

pi(7) =pr(v) + R (7)pl (56)

Remark 1. Note that the first and second derivatives of Pq,;
are required for path-following, which results in large and
computationally expensive expressions. Depending on appli-
cation, practical simplification such as assuming slowly vary-
ing speed reference vy, so we have vf ~0— [(ﬂz, 022] ~0
will greatly simplify the computations.

VII. SPEED PROFILE

In addition to the spatial path introduced above, a speed
profile to be tracked while the vehicles traverse the path
is needed. The speed-profile should be C? continuous and
provide smooth velocity signals. In this paper, we utilize a
fifth order polynomial represented by Bernstein polynomials
[20]. Further, we have four distinct phases, characterized by
acceleration, constant speed, deceleration and stop, respec-
tively. In the following, we will the describe how to compute
vr(7y) and its derivatives in the acceleration phase. In the
constant speed and stop phase, the values are trivial. The
speed profile in the deceleration phase is computed in a
similar manner as in the acceleration phase.

The acceleration phase is characterized by an initial speed
Vb, a desired final speed Vy, and a rise time 7' (that is,
vr,(0) = Vy and vr,(T) = Vy). Note that when combining
the speed profile with a spatial path, T will be a certain
value of the path parameterization -, that is, a speed at a
certain point on the path. Then, we have

2 5
()= Y VR + D Vik(F) 57
k=0 k=3

where b‘z is the fifth-order Bernstein basis defined by [20]:

bi(r) = @ (L=m)" i fork=0,....n (58)

It’s derivatives are readily given by

ovy, B E B 17

5y = 7Vr —Wlb(z) (59)
2 20 .

S (V= Vo) (B3 (L) —B3(=)  (60)

o2 T2 T T
An example of a complete speed profile is given in Figure 4.
Here, we have an initial speed of vz, (0) = 1, and require that
vr,(3) = 4. The deceleration phase starts at v = 7, before
we have a stop at v = 10.

Speed Profile

4
2t
0
\
Velocity
2t Acceleration
Jerk
-4 L
0 2 4 6 8 10

Y

Fig. 4. An example speed profile during acceleration, constant speed and
deceleration phase.

VIII. SIMULATION STUDY

In this section, we apply the controllers developed in this
paper to a team of three multirotors transporting a suspended



load along a circular path of radius R = 10. The paths for
each vehicle is generated as in Section VI, with p; 2 3 = 60°,
and [y = 0,1y = 120°,l3 = —120°. The simulations are
conducted with the full nonlinear dynamics, including the
constraint force from the payload, as developed in Section III.
Further, each UAV is equipped with a low-level attitude
controller, as discussed in Section IV. In this simulation, the
attitude controller is a simple PD structure. The maximum
roll- and pitch-angle have been set to 30 degrees, to force
reasonable realistic maneuvers. Each vehicle has a mass
4kg, transporting a payload of mass my; = 1kg.
Further, the speed profile is designed as in Section VII, with
a maximum speed of 3 m/s, accelerating from 0.5 m/s at
~vi = 0 to v; = 2Rm/3, a third part around the circle. The
control parameters was chosen as: K, = 5I, Ky = 5I,
ky =1, ky, = 20, K;y = Ky = 30L Integration was
conducted by the Runge-Kutta 4 method, at 100 Hz. Again,
note that we assume that each multirotor can measure the
drag from the suspended load to cancel it. Realistically, this
can be achieved by an angular sensor combined with a force
sensor, as demonstrated in [1]. Further, we assume continuous
communication links. However, the framework used in this
paper can easily be extended using the results in [?].

The results of the simulation can be seen in Figures 5-
9. In Figure 5, the coordination error is illustrated. Clearly,
it is seen that the error quickly converges to zero, and
we have achieved coordination. Likewise, the path-following
error is depicted in Figure 6 and shows convergence to a
neighborhood around zero. The load drag on each multirotor
is illustrated in Figure 7, and it is seen that the distribution
is relatively uniform, except during the acceleration and
deceleration phases. Further, in Figure 8, the total speed of
the load as it traverses its path is shown. As can be seen,
it reaches its desired speed of 3 m/s. Figure 9 provides
snapshots of the simulation as it unfolds.

m =

Coordination Error
0.06

YT,
-y

'3

0.04 f

0.02

Coordination error

-0.02 L L L L L L 1
0 5 10 15 20 25 30 38

Time [s]

Fig. 5. The coordination error during the simulation.

IX. CONCLUSIONS

In this paper, we have designed a cooperative control law
to transport a suspended load with a group of coordinating
multirotors. The local path-following controller was analyzed
by Lyapunov theory, and proven to solve the path-following
problem. Coordination was achieved by applying results
from the literature, most notably [13] and [14]. Further, we

Norm of tracking error

N

n

Error in position

o

0 5 10 15 20 25 30 3t
time [s]

Fig. 6. Path-following error of each multirotor. A small error is induced
when the formation changes speed quickly; this is due to the performance
of the low-level controllers.

Load force on each multirotor
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Fig. 7. Load drag on each multirotor. The high initial values are due to
initial movements of the vehicles, before they reach synchronization.

illustrated how to generate paths for each vehicle to minimize
the variation of load drag among the vehicles to ensure
smooth operations. Numerical results verified the results,
were we showed convergence of the path-following- and
coordination error. Our suggested methodology to minimize
the load variation showed decent results, but future work will
look at improving this. Further, robustness-properties with
respect to external disturbances needs further investigation.
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